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I. INTRODUCTION

Once-through type boil_mg liquid met_l heat transfer rates and associ-

ated two-phase flo?_ dynamics have been the subject of a large n_urber of

experimental and theoretical studies during the past decade since the

initiation of the development of various R2__ne cycle SNAP p_.;er conversion

systems° Difficulties were encotuntered in achieving rated boiling heat

transfer fluxes in NaK heated once-through mercury boilers° These difficulties

were encountered to various degrees in mercury flow passages m_de of 316 SS,

Haynes-25 and 9Cr-}_[o alloys° Regardless of the material used for the mercury

fl_ passage, some of these boilers de_onstrated initial perforr_ance character-

istics up to design expectations although the length of the required condition-

ing period varied° Others did not approach the design expectations after

hum_dreds and even thousands of hours of continuo_ls operation° This was believed

to be caused by nom_rehting, surface contamination, and/or liquid phase slug

formation due to absence of ear_ _ vortex fl_ establishment in the flow passage

next to the liquid_vapor interface°

Several s:ipporting programs were conducted in conjunction with SNAP-8

boiler development _cti_ty to investigate these possible causes° The effects

of additives on wetting during mercurj pool boiling heat transfer were evaluated (2)

On the basis of the results of this study, rubidium was added to the mercury in

amounts up to 860 ppmo The predicted boiling heat transfer rates _.;ere achieved

after addition of the Rb in a g_,[AP_8 full-sc_le boiler __nitially operating at

a highly deconditioned _.tate for several hundreds of hours. To _,nvestigate the

effect of e!evated liquid phase vortex f!o_.zvelocity on the overall boiler

perforn_2_ce, a tight preheat section plug insert geometry, providing _ liquid

phase velocity of 7.0 ft/sec, was initially tested in an e_xq_erimental boiler

originally performJ_ng in & deconditioned state° The results sh_._zed iz_.ediate

improvement in obt;_ined boiling heat transfer rates and the boiler perfor?anee

stability° The boiling heJ_t transfer rates as represented by the boiler NaK

NOTE: Superscript n_mber_s in parentheses refer to similarly numbered

references listed foll_ing the text.



temperature profile approaches the design expectations. The boiler exit pressure

fluctuations were reduced to a negligible value. 7nis initial qualitative evi-

dence pro_ted further investigation of the SNAP-8 boiler design concepts.

II. PU?2OSE

The object of this experimental study is to investigate the thermal and

dyna_Ac performance characteristics of different "once-through" type boiler plug

insert geometries. The a_railability of design data in this area is verj lirEted,

yet these data are very important in controlling the thermod_u_e.rEc behavior of a

boiler such as that used in S_!AP-8 and similar Ra_2ine cycle p_._'erconversion

systems. Since most of these boiler initially exhibit deconditioned boiler

characteristics to some extent, it is of particular interest to investigate the

effect of different working fluid dynamic aspects in the plug insert section.

Initial positive evidence of qualitative value warranted further investigation into

this boiler design area.

III. DESCRIPTION OF TEST _2PARATUS

A. LOOP DESCRIPTION

CL-4 was designed to simulate the SNAP-8 dynamic cycle conditions for

corrosion study. It is a three-loop system, which consists of a heated primary

circulation NaK locp, coupled through a boiler si_alated mercury Rankine-cycle

loop which in turin rejects its heat through the condenser to an air cooled circu-

lating NaK loop_ The following operating ranges were used for the boiler plug

insert experiment :

NaK Pri_ar_r/_Lo_'_

Boiler inlet temperature

NaK fl_w rate

Heater p_._er input

Mercury flc_

Boiler inlet temperature

Boiler inlet pressure

Bo__!er outlet pressure

1,330°F

2,050 lb/hr max.

35 kw max.

500 lb/hr nominal

500°F

500 psia max.

i00 psia min.

* Such a geomet__y consists of a helically wound wire on a solid bar

closely fitted a_d inserted in a mercury tube. The resulting

flow passage is of a helical pattern.
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Figure 3.i is ti_e flov; diagrm__ of the loop and Figure 3.2 is tie

schematic arras_eme_t of the loop. The three loop system was constructed to

high-vacuum standards.

!. Prim_ar?i !_K Loo_

The NaK primaa_y loop employs a direct resistance heater in

which !_,_ voltage electrical current is passed through the NaK c_rying tube and

the _TaK. The heater is in a coiled configuration with the t_._ogrounded leads on

the loop side and an insulated io-_ voltage lead at the mid-point of the coil.

Since the resistance of each leg is fixed_ the po_er input is varied by control-

ling the voltage across the terminals. The voltage is regulated _ith a saturable

core reactor transformer. An electromagnetic p_u_p maintains the NaK flow which

is measured by a magnetic flo_,,_.eter. A purification system is employed to

reduce and maintain the system's oxide level to less than 25 ppm. Other major

components in the loop include a level indicator_ expansion tar/<_ d_mp tank_

and a cover gas system.

2. NaK Condensin_ Loop

Major components of the NaK condensing loop consist of a

conventional air cooled finned tubes hea_ excha_er_ a magnetic fl__eter_ and

an electromagnetic p_unp_ A convective type cold trap is employed to maintain a

low oxide level in the loop,

3. Mercur_ Loop

q/me mercury loop uses two Chemp'mnp* Model CFHT- 7 1/2-65 (one on

a standby basis) for p_uv_ping the liquid mercury. A venturi flo_m_eter is used to

measure mercury flow rate. _o semi-standard valves are used for control purposes

and for imposing a resistance between the pump and boiler. An adjustable choked

nozzle is !oca_ed _-- _ .... of_._n_ the boiler outlet for the regulation of boiler

outlet pressure° The adjustable choked nozzle is a convergent-divergent nozzle

in which the throat area may be varied with a moveable pintle. _ae mercury vapor

is then passed through a desuperhe_-ter and a turbine blade mockup section before

*Manufactured by Chemp<m_p Division of Fosroria Corp.; Huntingdon Valley_ Penn.



entering the condenser. The desuperheater and the blade mockup are not necessary

for the boiler experiment; but were originally designed for corrosion study. The

NaK-cooled mercury condenser is a counter-flow heat exchanger consisting of three

tapered condensing tubes with a straight length for subcoo!ing.

The rest of the mercury loop consists of semi-conventional

liquid metal components such as bell_,_Ts sealed valves; electrical resistance

level probes and a cover gas system.

B. BOILER DESCRIPfION

The mercury boiler is single-pass counter-flo-_ tube-in-shell heat

exchanger _round into helix form with a protruding iT_let and outlet. Figure ].3

shows the boiler. The mercury flo<_sin the tube and the }[s__through the a_ulus

passage. An inlet plug is inserted into the straight pa-_t of the protruding

mercury inlet section to increase the liquid mercury and low quality helical

velocity. A spiral wire vortex-generator is installed in the coiled mercury tube

to promote heat transfer. Spacers are used to center the mercury tube in the

annulus. The Na/< inlet and outlet are located near the ends of the shell.

The boiler configuration and geometry are as follows:

Mean helical coil diameter --- in ........................... 18

Helical shell pitch --- in .................................. i-3/8

Shell size --- in ................. 1-1/80.D. x 0.083 wall x 9.959 I.D.

Tube size --- in .................. 9/16 O.D. x 0,0832 }roll x 0.39? I.D.

Vortex wire diar_eter --- in ................................. 0.049

Vortex wire pitch --- in .................................... 1.5

Coil tube length --- ft ..................................... 55

Straight tube length --- ft ................................. 5

Tube material ............................................... 9 CR-l}4o

Shell material .............................................. 316 SS

The boiler was installed in a metal ta_/< assem2oly and insulated with _oout

6-1/2 inches of fused alumina bubbles. Six 1/2 in.-thick layers of fiberflax

insulation was affixed to the outside of the boiler supporting tank assembly.

The test runs and corresponding plug insert geometries tested are listed in

Figure 3._.
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C. BOILER TEST INSTRD%E_ATION

i. Temperature Measurement

The NaK boiler _nlet, outlet, and the boiler shell temperatures

are measured by 1/16" diameter, stainless steel sheathed, MgO insulated thermo-

couples. These thermocoup!es have u_6rounded junctions, and are attached to the 316

stainless steel tube as shown in Figure 3.5. The NaKboiler inlet temperature is

measured by three thermocouples attached circ_mferencially at the tube 18" from

the boiler. The boiler outlet temperature is measured by a therm._ocouple located

at about 9" from the boiler shell. Location of thermocouples along the 60 feet

boiler is as follows:

Thermocoup!e Distance from Boil_er

No. Inlet Tube Sheet (in.) Remarks

i 35.5 Straight section

2 40.5 "

3 45.5 "

4 50.5 "

5 55.5 "

6 60.5 "

7 75.5 "

8 116.5 Coiled section

9 154.5 "

i0 201.5 "

Ii 227.5 "

12 268.5 "

13 306.5 "

14 350.5 "

15 390.5 "

16 427.5 "

17 46 O. 5 "

18 570.5 "

19 592.5 "

20 639.5 "

21 669.5 "
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Thermocouple Distance from Boiler

No. Inlet Tube Sheet (in.) Remarks

22 718.5 Coiled section

23 732.5 "

24 733.5 "

The mercury inlet and outlet temperatures are also measured

by Chrome!-P-al_.el 1/16" di_m.eter, MgO insulated, stainless steel sheathed

ungrounded thermocouples. The boiler inlet thermocoup!e is welded to the tube

wall i0" from the boiler inlet. The boiler outlet temperature thermocoupie

is an irmmersion type installed 15" downstres_1 of the boiler as sheen on Figure

3.6.

Four Pace 150°F reference junctions are utilized to condition

the thermocouple signal. The NaK shell temperatures are recorded on a Leeds

and Northrup 24 point O-1500°F. 12" scale strip chart recorder. The NaK boiler

inlet temperature is recorded on a Daystrom Weston 24 point, 150°F.-1500°F. 4"

scale strip chart recorder. The NaK boiler and the mercury boiler outlet tem-

perature are recorded each on Motorola 2 point, 150°F.-1500°F. 4" scale strip

chart recorders.

2. Temperature Measurement Accuracy

The thermocouples carry a manufacturers accuracy guarantee

of + 4°F from O°F to 530°F, and + 3/4_ above 530°F. The Leeds and Northrup and

Daystrom Weston records are periodically calibrated against a Leeds and Northrup

portable potentiometer standard to an accuracy of i/4_ of full scale. The

Motorola temperature recorders are setup to an accuracy of i_ of full scalej but

overall readout accuracy is judged to be approximately 2_.

3- Pressure Measurement

The boiler inlet, outlet, and the two pressure taps in the

instrumented plug are measured by 0-500 psia range, unbonded type strain gage

transducers. Solid state stable bridge supplies provide 6 v, dc exatation to

each transducer. The output signal from each transducer is eaT_plified to the

desired level and transmitted to the indicators. _ese pressure readouts are



indicated on Motorola 4" scale strip chart recorders that have null balance

potentiometer type movements. In addition, these pressures are also transmitted

into a "Hone_el! Visicorder" which is a mirror galvanometer ocillograph usip_

"Instant Trace" paper. _ae Visicorder serves to check the small scale Motorola

recorder as well as indicating the amplitude and frequency of the recorded

pressure. T_o i0" disa_.eter0-400 psig, i/4% accuracy Heise gauges are also

connected in parallel to the pressure taps of the instru_.ented plug.

The transducers are calibrated when a new plug insert is

installed. Calibration of the transducers is acccr.plished by applying regu-

lated nitrogen gas at the transducer pressure connection, this pressure is

simultaneously monitored on a Bordon tube test gauge of traceable accuracy.

Several pressure increments throughout the operating range are applied, and the
indicator readings recorded. Correction curves are drawn from the results and

used to correct subsequent test data. The initial accuracy of each pressure

measuring system is found to be the resolution accuracy of the indicator and

is within 140of full scale.

4. Flow Measurement

An ASME standard venturi flow meter with the throat diameter

of 0.iO0" is used for metering mercury flow. The differential pressure across

the flo_vaeter is parallel to an electronic transducer and a pnemnatic transmitter.

The electrical output signal from the transducer is then amplified and indicated

on a Motorola 4" strip chart recorder. The pneum.atic transmitter output signal

of 3-12 psig is transmitted directly to a 12" circular recorder indicator.

Periodically, these recorder readouts are calibrated against kn(_n mercury flow

rates which are within the test run operating range. The calibration flo_ rate

is established by accumu!ati_g a given weight of mercury on a scale over a

measured t__e increment. The maximum overall error in weight flo_ is + 4_.

The NaK flo_.;is measured by a permanent magnet flo_,_-meter

manufactured by MSA Research C.)rporation. The flo:_.eter dc output is amplified

and indicated on a Motorola 4" strip chart recorder indicator. %_ne recorder

accuracy is approxLmately i_ full scale. The overall NaK weight flow accuracy

is estimated as -+2_.
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IV. OPE_&T!O_[

The pretest preparation includes the instrmv_entation installation and cali-

bration, mechanical checkout and calibration, and loading of three loops. This

preparation is accomplished in accordance with Reference 5.

A. BOILER STARTUP

The temperature of the N_K in the primary loop is sl_Tly raised up

to l150°F measured at the boiler inlet. Four hours is usually required to reach

this temperature. During the heating up period, the primary NaK pump is started

and flow is slo_rly increased to a maximmm of 2050 ib/hr, and a vacuum of approxi-

mately 10-20 tort is maintained in the mercury loop to degas the mercury boiler.

A dry ice in acetone trap between the mercury loop and vacuum pump collects any

mercury or condensible vapors. Upon reaching the Ha/< temperature of l150°F the

mercury loop is sealed and the vacuum system is removed. The mercury p'_mp is

started ini_ia!ly into a bypass system and then injected into the boiler. The

adjustable choke nozzle is in the fully open position during the hot start. A_u

approximate mercury flow rate of 200-350 ]b/hr is circulated th!_ough the boiler.

When the flow is stable the }[_K boiler ir_et temperature is slowly increased to

the test conditioP. The mercury system is allowed once more to stabilize. To

obtain the desired press<m_e at the mercury boiler outlet, the adjustgole choke

nozzle is gradually closed. Normally, the time elapsed from mercury injection

to the first test point is about two hours and during this period regular o%ser-

rations are made to monitor the boiler NaK shell temperature and other test

parameters.

B° TEST RUWS

_hen a _e_s_ progr_n is de _'- _ •_isn_d. the order in which the test points

are run is considered carefully since it is desired to have the least temperature

disruption in the boiler. Once the test point conditions are acquired and the

boiler temperature appears stable, it is standard practice to all_.< the NaK shell

temperature profile to remain stable for a! least thirty minutes before the data

is taken. To further substantiate the data validity, several test points are

repeated at the end of the test.

Ackno._!ea_ .....nt: boiler plug mnser_ -_ _ .......... p__lo__ ....._ tests were _-_ •p_ _o_m_d by

E. McDaniel, B. Fam._ell, A. Herdt, J. Ralphs, _._ Redfern and M. T.{on_.
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C. S_TDC],JI_

For a normal shutdo_n, the mercury fl_ into the boiler is first
valved off and the primary _aK is a!l_ed to circulate. Po_¢erto the heater is

shutoff as soon as the mercury flo_._into the boiler is stopped. The NaK f!_¢

is continued until the boiler inlet temperature is cooled d_n to about 600°F by

natural convection. After the boiler is cooled to room temperature, the vacu_

system and cold trap system are connected to the mercury loop_ and a vacu_ of

15-20 torr is maintained until the next startup. If a prolonged shutd_._nor a

plug insert chan_e is scheduledj an ar_on cover gas of a slight positive pressure

is applied and maintained on the mercury loop and boiler at all t_es°

9
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V. TEST DATA REDUCT!0i'_

The test data reduction and analysis is based on the obtained NaK and

liquid mercury flow measu__ements, the boiler NaK and mercury flow terminal

temperature measurements, and the boiler NaK-she!l-tube surface ter_perature

profile in conjunction with mercury flow passage pressure measurements located

at the boiler inlet and exit. T,_o additional pressure measurements in the

mercury flow passage are obtained by meams of internally located pressure taps

in the plug insert section. "One is located at the preheat section end point.

The other is located at the plug insert vapor section end point. Test data

recordings used for test data reduction are contained in Appendix C.

In view of the limited number of mercury flow passage pressure taps, the

pressure gradients between PHbi-PI, PI-P2, and P2-PHbo are assumed to be linear.

The pressure measurements PHbi' PI' P2 and P_Poo were taken from the pressure taps

located at the boiler inlet_ preheat section end point, plug insert end point and

the boiler exit, respectively. The NaK shell-tube outer surface temperature

profile representation is assumed to be identical to the mercury flow passage

internal wall temperature profile. This assumption is based on the obtained over-

all thermal resistance value across the heat flow pass as determined from the

test and the analytically determined total resistance across the NaK film and the

tube wall. The comparison of these resistances shows that:

(-U-) Test hN design

which means that (q") test > (q") design. Obviously, the available data on

tube wall thermal conductivity_and the NaK side file heat transfer coefficient

determination method is in error. This consideration _plies that the NaK side

film heat transfer coefficient is infinite, and the mercury t_oe wall heat trans-

fer resistance is negligible.

Linear correction of the measured NaK temperature profile was introduced

in the excess boiler superheai length. This correction was established from the

heat balance analysis where the ne_ NaK flow and the NaKtemperature drop due to

the external boiler heat loss were determined. For the average NaK fi_ rate used

i0



in these tests the I_K temperature drop due to external heat loss was approxi-

mately 30°F, The boiler NaKshell-tube skin thermocoup!e temperature measurements

at their best are estimated to be of ± 2.5% accuracy with respect to total full-

scal indication,

Test data reduction and ana!_ica! computations were conducted on the

IBM-7094Model 2 co_uter. A detailed anal_ica! progr_ for this purpose is

contained in Appendix B. Tmeresults are presented in tgoulated form in

Appendix A,

The main items determined for each test point data set were:
i. Boiler heat balance

2, Plug insert preheat section geometri% dynami% and thermal
parameters

3, Plug insert vapor quality section geor_etric and dynamic
parameters

4, Plug insert section exit vapor quality

5, NaKtemperature at liquid-vspor interface

6. NaKtemperature in terms of vapor quality

7, Plug insert vapor quality section local boiling thermal and
dynamic par_eters

8, Unplugged tube vapor quality section local boiling thermal and
dynamic par_r.eters

9, Plug insert vapor quality section meanthermal parameters

i0, Unplugged t_oe vapor quality section meanthermal par_r_eters

ii



VI. DISCUSSION OF RESLV_TS

The results of the test data reduction are evaluated in the light of

proposed drop-wise drywall boiling heat transfer and two-phase flow pressure drop

correlations. These correlatious are based on mercury nonwetting characteristics

which are the principal cause for the dropwise two-phase flow regime in the boiling

section° To obtain the predicted boiler performance characteristics in accordance

with this design approach_ the experimental evidence indicates that the initial

physical and/or chemical cleanliness of the wall surface in the mercury flow

passage prior to mercury injection is of particular importance. Aside from the

thermal and dynamic conditions at the liquid-vapor interface and in the vapor flow

quality region_ which are necessary to promote effective mercury vaporization, the

obtained boiling heat transfer characteristics as represented by the NaK tempera-

ture profile_ can be better or worse than those predicted by the dropwise drywall

boiling theory° The boiler performing in accordance to these design expectations

is said to be in a conditioned states The boiler exhibiting better heat transfer

characteristics is said to be in a partially-wetted state; the boiler exhibiting

poorer heat transfer characteristics is sa_d to be in a deconditioned state. When

intermittent physical wetting on the mercury flow passage walls occurs, the boiler

is said to be in a partially-wetted states Partial wetting was observed on the plug

insert surface when the plug insert was removed from our test boiler after 96 hours

of operation° A typical NaK temperature profile for a deconditioned boiler is

depicted in Appendix C_ Figure C-Io The same boiler exhibiting fully-conditioned,

or partially-wetted boiler heat transfer characteristics is shown in Figure C-4o

The reason for obtaining the boiler NaK temperature profile as shown in Figure C-4

can be attributed to significant changes o3curring on the mercury flow passage wall

surface° The physical and/or chemical changes occurring on the material surface

are only poorly understood_ and require further investigation.

Initial test results as depicted in Appendix C, Figures C-1 through C-7, are

of a qualitative nature. They show the effect of the liquid=phase velocity in the

boiler preheat section on the overall boiler perfo_manceo Fi_ares C_l and C.2

depict a typical NaK temperature profile for a deconditionei boiler during the

initial test run when the liquid-phase velocity in the helical flow passage was

12



0.8 ft/seco Nonmeasurabie improvement in the boiler conditioning effect was ob-

served during several hundreds of hours of operation under a nominal SNOOP-8 boiler

NaK inlet temperature schedule. The same boiler_ when restarted with a revised

preheat section plug insert geometry providing a liquid-phase velocity of 6 to 7

ft/sec, exhibited effective mercury flow passage conditioning immediately. Also,

the projected NaK _emperature profile approached the design conditions very rapidly,

Figures C-3 and C-4 show the progress in conditioning 4 hours and 20 hours after

mercury injeztion, respectively° The boiler restart, (Figure C-5) with the same

plug insert geometry, did not indicate any boiler performance degradation. A sub=

sequent test run (Figure C-6), with the original preheat section plug insert_

providing 0°8 ft/sec liquid_meroury velocity, still produced conditioned boiler

performance characteristics_ This evidence shows that once the tube surface is in

a conditioned or wetted state_ the liquid=velocity level in the preheat section is

not of particular importance° Examination of the NaK temperature profiles (Figures

C-6 and C-5) and associated test data reveals that the difference between the two

plug insert geometries tested c_u be detected in the slope of the NaK temperature

profile and in the boiling termination points A tight liquid phase plug insert

geometry combined with a similar low vapor quality region seems to be the right

design approach for a high performance "once through" type boiler° Once the fully

conditioned or even wetted mercury flow passage state is established, the boiler

can also be operated without a plug insert= This condition is shown in Figure C-7,

where the slope of the NaK temperature profile reflects boiling heat transfer rates

comparable to those obtained with plug inserts_ However_ in the unplugged boiler

this heat transfer is accompanied by excessive oscillations in boiler exit pressure

and flow_ It is postulatei that nucleation sites were developed in the mercury flow

passage plug insert regions during previous boiler test runs_ when the elevated

velocity plug insert geometries were tested° Thus_ the boiler inlet _nd tube

section_ without a plug ins_rt_ was operating under a convective nucleate boiling

heat transfer regime_

Test data point sets as shown in Appendix C, Figures C_8 through C_36, are

representative of the obtained NaK temperature profiles and the associated primary

and secondary working fluid _)perating parameters utilized in the test data reduction

program. The results of this reduction are presented in tabulated form in Appendix Ao

13



• J

The c_!culated he_t loss v_lues as obtained from the heat balance closure

_6,° of the total heat input° This discrepancy can beare in the range from ! to I

attributed to inaccuracies in temperature measurements or their corrections; e.g.,

the boiler NaK temperature drop error of + !O°F results in a heat loss error of

+_ 1.26 k_{o The boiler heat loss was also deter vdned on the basis of boiler opera-

tion at zero mercuzTf flow and different NaK flow and temperature levels. The

estimated heat loss value is 2 to 2.5 kw or 9 to 10% of the total heat input.

Similar par_.etric data point scatter resulted from the boiler thermal a_.d

dynamic test data analysis, which can also be attributed to the inaccuracy of the

boiler instrumentation. The most critical areas in t,his regard are the establish-

ment of the true mercury teuLDerature rand pressure conditions in the boiler plug

insert section. The poinb of particular interest is the deter_nation of the

liquid-vapor interface location in the boiler. To perform a detailed test mna!ysis

in this area, a n_:ch more sophisticated instr_menta:tion technique is necessary.

A typical and desirable boiler test data representation in conjunction with such

an instrumentation is depicted in Figure 6.O-1. This representation implies that

several mercury flow passage temperature measur__ents in the -h =-pr= ._=t (TpH) ard

low quality vapor section (Ts, Tv) as well as the exact mercury flow pressure (PHg)

and NaK flow ter@erature (TN) profiles must be _xqoerimentally established. In

accordance to this diagram, the !iquid-vapor interface location (Loo) is determined

when TSOO, TNO O and Pro are projected as the point LOO on the abscissa. O_r

experimental boiler instrumentation is not pro'/iding this type of test data repre-

sentationo Because of these limitations, the test data e_a/uatiou was performed on

the basis of several ass_mmptions in c-,.,r.j°-.-n,.,_-_.,__on with trial and error meth-.ds whsrever

the a_r_i!ab!e test data were not sufficient to support the analysis°

These ass,_mp%ions are in the form of corrections in the curvature of the NaK

temperature profile and the mercur_y pressur:e profile° Th_£ are further based on

plug insert liquid and l_; vapor quality section calibrations. These calibrations

provided pressure drop data, which were utilized to determine the liquid am_d gas

fl_ frictional pressure drop factors for the different plug insert geor_etries

5ested. In making these calibrations, liquid and vapor fl__x rates were regulated

so as to maintain the same Reynold's number range as that existing Ln the boiler

when operatigg under normal contritions. The res,llts of liq,lid flow calibrations

are sh,_.m_ Ln Table 6o0-.1o
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The Darcy _'_"=_ pv pressure drop correlation for two.phase turbulent fl_,z was

used to determ/ne the product _ fv ' where

L_PTp

De (_ G)2 _Pv

fv _L--7 2gc Pv

The product fv is correlated in terms of the _._rtinelli-type parameter

X = G_ De _v Pf

_v > _f Pv i-_

which is determined from an incremental local boiling heat transfer analysis.

fv versus k is plotted separately for plug insert section and unplugged tube

section geometries. Figure 6.0-2 sh_is the l_ vapor quality (up to 15%) pressure

drop correlating parameters, when the vapor quality region next to the liquid-vapor

interface enters the phg insert preheat section. Figure 6.0--3 sh_vs the s_me

correlating parameters for the plug insert vapor quality range from 0 to 80%. The

data in Figure 6.0-3 were fitted by least squares analysis providing the average

curve

fv = eA'87 k-'67A

The average two-phase fl_.r pressure drop factor is determined from the above curve

using

_f
V

= f
V

where fv is obtained from N2 gas fl_ tests carried out _n a Reynold's number

range corresponding to 1OO% vapor flay. Figure 6.O-A shows a similar plot of data

points in the unplugged tube section for the vapor quality range from 20 to 100%.

A least squares analysis of the data predicted a curve for best fit given by

2

_n _ f = 16.06 - 2.224 _n k + .065 (Zn k) •
v

The comparison of two plug insert geometries in regard to their pressure drop in

terms of plug insert end point vapor quality is illustrated in Figure 6.0-5.

Curve 2 as compared to Oirve 1 sh_s that excessive boiler pressure drop may result

when the plug insert length is overdesigned. In the case of oversized preheat

15
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section plug insert length and tight pitch helical flow passage geometry, early

vapor generation may occur in the preheat section. Under these conditions the

total plug insert pressure drop _._- reach tundesirable proportions (Curve 3 and 4).

The magnitude of the obtained in_itial boiling heat fluxes in terms of the

temperature difference at the liquid-vapor interface location is plotted in

Figure 6.O-6. In view of the wide scatter of the test data the points can be

approximated in the form q" = const. _Too , which is a linear function with a 45 °

slope. This interpretation would indicate that convection vortex type boiling

was induced from the liquid-vapor interface location by the elevated liquid phase

velocity.

The vapor quality section therma! and dyn_.nic operating parameters in

dimensional and non-dim.ensional form were determined on the basis of local boiling

heat transfer and t_o-phase flmr pressure drop correlations in 20% vapor quality

increments. To che_/< out and compare these results with the drop,rise dry wall

boiling theory the obtained local boiling mean temperature difference (#TM) of

each quality increment was considered in the light of boiling heat trs_nsfer

design correlations for the purpose of determining whether it was in the contact,

intermittent contact, or film boiling regi_Le. These results, as well as the results

of the analysis of the overall heat transfer in the phg insert section and the

unphgged tube vapor section, are tabulated in Appendix A.

For each _por quality increment (_x = _20) throughout the length of the

boiling section the calculated mean heat fluxes are plotted in terms of the mean

temperature difference between the NaK temoerature and the mercury saturation

temperature_ The mean NaK ter_perature of each quality increment is determf_aed

from the boiler NaK temperature profile. The mercury saturation temperature is

determined from the mercury fl_ passage pressure representation in the same

quality increment. Plots of the obtained local boiling heat fluxes at mean vapor

qualities of lO, 30, 50, 70 and 90% in terms of mean te_perature differences are

sh_.nu in Figures 6.0-7 th_ 6.O-11, respectively_ The data scatter display was

analyzed by least squares techniques to obtain curves of best fit. The results

¢,f this an_'._lysisare sh.m._,grap_'_ically as well as analytically in the figures

indicated above.

The results of local boiling heat tz_ansfer representation as discussed

above are fuzfiher differentiated into boiling occurring in the plug insert section

16



and boiling occurring in [he unplucced 5ube r_ectJ_on. The data points of each

quality increment of these ::ectious were considerel in the light of different

boiling regimes as defined by the dmy wall dro_,iise boiling correlations. These
(!)

correlations are :

Contact boiling :

Intermittent contact boiling

Nu o; 2

DG hfv _v A/3

_v k _ (l-x)v _IM
X

Film boiling

213 213
Nu F = 6 D DG tan

4 _o V'v ofkv p=T_ xl/J

The boiling regimes are determined by equating Nu C = NulC and

solving then for D_.i = _Tcr accordingly. These solutions are:

AkTcr_l =

k v 3 (DG) _ i
hfv _v C2 (TA88)a (_) _v tan (l-x) _ x

_v(__)3/_o(_

NUlc = Nu F and

If hTcr_l > #T M _ use contact boiling regime.

If _Tcr_l < D_4 --_ calculate #Tcr_2

_Tcr _ 2 --

) z/2936 _ / \I_v

o

6_-/'_(_o)3f_(_)_/_

X

If _Tcr_2 >_T M ---* use inter,,_ittent contact boiling regime

If hTcr_2 <__TH--_. use film boiling regime

17
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The empirical constants taken from Reference 1 are:

o C Nu
5

o <x < .A ._3 2.3 -

.h <x <_ 1.0 1.00 3.0 -

0 < x < _,o - - .8

These values were used to plot thc design curves (q" vs. p,TI,i) superimposed on the

test data plots_ The r_sul_o of these considerations are depicted in Figures 6.0-12

thru 6.0-19.

Figure 6.0-12 sh_.rs the test results in relation to the design expectations.

The curvcs Hu6-- .55 and C = 2.0 are dcrived from the test data and suggest a

more conservative design approach in this plug insert mean quality increment.

Figure 6.0-13 sh_vs similar comparison of expected and obtained boiling heat

fluxes at E = .30 in the plug insert section. The design curves Nus-- .8 and

C = 2.3 are in good agreement with the test results.

Figure 6.0-14 sh_,_s the heat fluxes obtained at _ = .30 in the unplugged

tube section. The design curve C = 2.3 as well as the curve derived from test

data are in close agreement,

Figure 6.O-15 shows the test data at _ = .50 in the plug insert section.

The design curve Nu6= 1.26 derived from the test data is considerably higher

than the one used for the design prediction. This n_ay be attributed to the dynamic

two-phase fleer conditions existing in this mean quality section of the plug insert.

The vapor flc_v helical velocity at _ := .50 is in excess _,f iO0 ft/sec. Considerable

radial acceleration g forces could, therefore, be induced on the liquid droplets

carried by the vapor. Consequently the contact area of droplets at the tube wall

is increased because of droplet deformation or bresk-up.

Figure 6,0-16 depicts the test results at _ = .50 in the unplugged tube

section. The design prediction curve C = 3.0 and the average curve C = 3.1,

as derived from the test data, are, however, in close agreement.

Figure 6.0-17 sh_._s test results at _ = .70 in the plug insert region. It

refers to results similar to those sh_<a in Figure 6.O-15. Both cases are accompanied

by relatively high pressure drops through the plug insert Vapor quality region.

18



Figure 6.0-18 provides the results at _ = .70 in the unplugged tube section.

These heat transfer data can be represented by a local intermittent contact boiling

regime at C= 3.6. The design prediction using C= 3.0 is still a good conserva-
tive design approach.

Figure 6.0-19 sh_rs that test data at _ = .90 fall bel_ the expectation

of the film boiling regime. _is can be explained by test data inaccuracy and

error introduced by the estiz_tion of the boiler length at the 100%vapor quality
point.

Typical boiling heat flux representations at SNAP-8operating conditions are
shownin Figure 6.0-20. Tnese curves indicate that heat tran.sfer effectiveness and

thus the boiler vapor quality section length is dependent on boiler NaK __nlet

the boiler, mN_uim_mtemperature (TNbi) and the NaK temperature drop (_ N) thru The

boiling length occurs under a high boiler NaK temperature schedule, which is shown

by curve A_ The _ximum boiling length, as sh_m by the a_ailable heat fluxes of

curve B, occurs under a l_ NaK temperature schedule.
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VII. CONCLUSIONS

The introduction of a preheat section plug insert providing elevated liquid

.phase velocity at the liquid-,_apor interface location demonstrates significant

improvement in the boiler conditio_Ang effect. As shm,.a_in Appendix C, Figures C-3

thru C-5, the obtained boiler i_ tamperature profiles are approaching the design

prediction indicate_ in Fisure C-3. It is postulated that elevated liquid phase

velocities at the liquid-vapor interface signific__nt!y reduce or even completely

eliminate the convective mercury boiling transition regime bet_.reenthe liquid-

vapor interface and the fully established two-phase vortex fl_.._patte_n.

The boiler conditionim.g time is spparently dependent upon the cleanliness

of the internal wall surface of the mercury fl_.r passage. To define the surface

cleanliness in conjunction with boiler conditioning effect, a better understanding

of surface physics and cher&stry is needed, Up-to-date experience suggests that

tight plug insert geometries provided in the boiler preheat section, as well as

in the low vapor quality section are capable of accelerating the boiler condition-

ing effect by several orders of m_gr/tude when the boiler mercury flow passage is

cleaned by established (A) methods prior to mercury injection. This method involves

flushing _._ithstrong caustic solution_ fo!_l_ved by flus,hing with Alionox detergent

solution.

The test of two tight preheat section plug insert geometries providing liquid

phase velocity of 4.5 and 6.5 ft/sec at the liquid-vapor interface accordingly

resulted in ver_# stable boiler performance characteristics. As compared to a loose

preheat section plug inserb geometry (uL = .8 ft/sec) , the tight plug inserts

demonstrate reduction in boiler exit pressure fluctuations by _ order of magnitude;

e.g., the comparative boiler exit pressure fluctuations are +_ i0 and + ½ psia.

Most effective boiling: heat transfer was obtained from ex_ended length plug

insert geometries (Test runs No. 5, 7 _nd 8) where the plug inser_ end point vapor

o_ ft/sec, respectively, atquality and wapor phase velocity were up to 8_o and 180

high NaK temperature schedules. At i_ NaK temperature schedules the ss_r_eparameters

were found to be _5% and I00 ft/sec, respectively. Aside from the high pressure

drop penalty, it is felt that under these dyn_uic conditions most effective mist

or even fog f!c_ can be e:q0ec_ed at the plug insert end poi_nt s_ud thus the droplet

carry-over thru the excess superheat length is mi_uimized. It is obvious that high

vapor fl_.r velocity; e.g., 180 ft/sec, at the plug insert end point provides

elevated vapor fl_ velocity; e.g. AO ft/sec in the unplugged tube next to the

2O
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plug insert end point. Taus effective vortex fi_ t_es place _n the unplugged

tube. As a result of droplet raJia! acceleration in this f!ce_ regime the droplets

are forced against the tube val! and effectively vaporized.

In acco_d_uce with the e_rly vortex two-phase fl_,r establislmment definition

by means of ?Jeber ntumber (We = _ _r zr ) as proposed _# Reference l; e.g.
C

2_142 _ a certain vapor phase velocity (uv) muss be obtained in order toPv Uv

carry droplets of "_"...._ - _ °sore_::, case o__- ...._er 60 zn the vapor .... In the low liquid

phase velocities (uL = .8 ft/sec) the initial boiling is under the influence of

the 1 g gravity field because of the absence of sufficient liquid a_nd -__por phase

velocity effects. Considerable transition length accomp_nied by liquid slugging
--Vu2

is needed until a fully developed vortex t_o-phase fl_..r regLme (Uv____Ip_-" )

is established_ In the case of elevated liquid phase velocities (u L ---u = 6.2 ft/sec)V

the liquid-vapor interface disintegration and initial boiling mey take place in a

vortex type f!_,,_p_ttern, _here the liquid spheroids are forced against the tube

wall thus producing effective initial vapor generation. This design approach

suggests that elevated liquid phase velocities (uL) at the liquid-vapor _terface

location initially accelerate the highly deficient vapor phase (_ -_ 0), simulta-

neously promoting effective boiling hea,t tr__r_sfer rates. The latter in turn do

elevate the vapor phase velocity (uv --_ uL -_ Uv_cr IP_-- causi_ng finally _he

entrainment of liquid drops into the vapor strew. It is postulated that this

early vortex two-phase fi_., boiling regime is desirable for boiler operation .in

zero or adverse gravity enviror_ments.

The two-phase flow pressure data, as sh,m.m in Figures 6°0-2 th_a 6._-_,

are in non-dJ_mensional form, and co.are reasonably well with sir&iar data scatter

in Reference (I). It is therefore felt that these results c_u be used to e_n_luate

the pressure drop conditions of other tube sizes and plug insert geometries considered

for SNAP-8 and si_.,iiar Ratline cycle pov._er conversion systems. _iric_!ly deter-

mined gas fl_._ frictional pressure drop coefficients are per_tting the s.naiysis

cf two-phase fl_ pressure drop using the Xar+_inelli p_rameter for relatively

complex fl_,._passage geometries.
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The results derived from an analysis of the local boiling heat transfer

test data reveal reasonable agreement _ith the dro_z.:isedry wall boilLng for_.a!a-

tion as proposed by Reference (i). The boiling heat transfer rates can be ade-

quately predicted from proposed serai-empirical correlation. The test data comari-

son with the reference inforration is sho_m in Figures 6.0-12 thru 6.0-19. The

discrepancies are primarily in the test data areas referring to the plug insert

vapor quality section. These discrepancies are caused by the introduction of

the helical flow passage geometric values into the referenced boiling heat trans-

fer correl_tions. Tnese correlations were established for round tubular fl_.¢

passages with m.o_rl wire in them. Tne plug insert section flow passage can be

analytically treated on the basis of its equivalent or hydraulic di_m.eter only.

The inaccuracies in N_K temperature profile interpretation and in analytical

estL_ates in lieu of missing test inforration are the prir_ry reasons for the test

data point scatter° The inst_mmentation difficiencies were particularly felt in

the boiler mercury inlet end region. The plot of mercury temperature rise in the

preheat section in terms of mercury tube length was not available_ Consequently,

the true position of the liquid-vapor interface could not be established.

The existing NaK loop fl_.r and heat input capacity placed serious limitations

upon the scope of the test objectives_ The boiler operation, therefore, was

limited to 80% of its design capacity. The test results also show that the length

of this boiler has been overdesigned by at least a factor of two.
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• e

VIII. R_CO_._UDATiO_IS

To eliminate boiler deconditioning, mea_ns _st be provided to prevent oxida-

tion of the tube wall or the entrance of oil or other substances into the mercury

tubes during the system's assemblyj'operation or shutd_,a%.

Clarification is needed in regard to mercury liquid and vapor phase ther_._l

conductivities to be used for the SIIAP-8 operating conditions. As can be seen

from proposed semi-_irica! correlations (1) the Husselt's number for intermittent

boiling regime is proportional to (_)4_ . Comparison of Reference (3)contact
I

data with WADD data indicates significant differences in their numerical values;

k 4 -_2 k__xv4

e.g.,  ef.(3) = 1.9x i0 - ; (kf)wADO--6.O IO-12.

To investigate the boiler's off design operating characteristics, the nominal

NaK loop fl_v rate and heat input capacity have to be overdesigned by a factor of

2 and 1.25, respectively.

Long duration continuous tests up to several thousands of hours are required

on SNAP-8 boilers to establish the time effects on boiler performa_ice and their

structural reliability.

More sophisticated instrumentation is required to investigate a_nd define

the thermal and dynamic design aspects in the boiler plug insert section° These

requirements can be detected from the curves sh_ in Figure 6.0-1.

In order to verify the derived non-dimensional boiler design for_alations

additional e_Tperimental boilers of different mercu__y fl_. passage sizes and

internal geometries should be built and tested under SNAP-_ operating conditions.

The evaluation of these results shows uncertainties arisi_g from Limited instru-

mentation, in regard to true liquid-vapor interface location° T_e t_mper_ture

and pressure profile representations must be obtained throughout the length of

the boiler plug insert section.
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C
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gc -

h -

hfv -

h N -

k -

k -
W

_L' -

Nu -

Nu 6 -

PHbi -

PHbo -

P2 -

q" -

Re -

rm -

r O -

t -

_To0 -

DYNO0 -

_Tso0 -

Constant

Mercury tube diameter

Equivalent tube diameter

Flm_ friction factor

Specific mass flm,r

Standard acceleration at sea level

Heat transfer coefficient

Latent heat

NaK side film, coefficient

Thermal conductivity

Tube material therm_l conductivity

Axial tube length

Nusselt nmmb er

Droplet Nusselt number

l.iercuYyinlet pressure

Mercury unit pressure

Pressure at liquid vapor interface
Preheat section end point pressure

Plug insert end point pressure

Heat flux

Reynolds number

Log mean radius

Tube outside radius

Tube wall thickness

T_r@erature difference at liquid-vapor interface

NaK temperature at x = 0

Saturation t_-perature at liafaid-vapor interface



NOI_NCLATURE(Cont.)

U - Overall heat transfer coefficient

x - Vapor quality, vapor weight/total weight

- Meanvapor quality

C_

B

8 0

k

0

GREEK SYI,_OLS

- Swirl wire angle

- Nu (actual)/Nu 8(film-sphere)

- Initial droplet di&meter, m_rirl wire diameter

- _%rtinelli correlating parameter

- Density

- _%_o-phase fl_- pressure drop factor, _PT/_Pv

Viscosity

C m

F -

IC -

M -

TP -

cr -

f -

V --

SUBSCRIPTS

Contact boiling

Film boiling

Interm__ttent contact boiling

Mean

Two-phase

Critical

Liquid at saturation temperature

Vapor
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APPENDIX B

CL-4 BOILER TEST DATA REDUCTION PROGRAM



APPEndiX B

CL-A BOILER TEST DAUA B_EDUCTIO_'[PROGR$_._

The test data representation as provided on the NaK temperature profile

recording sheets (Figure B-I) _,._sutilized to reduce these data and establish

the boiler thermal and dynamic operating parameters in dimensional and non-

dimensional form for each data po__nt set. The test data reduction program as

utilized with the IB_._-7094Mod° 2 computer consists of two steps. The first

comp.uter input step provides the heat balance and the boiler overall thermal

and dynamic operating parameters. These results in conjunction with Ns_(

temperature profile representations are then used to generate the second

computer input set (Figure B-2), which comes into the program just prior to

equation 75, This results in the determination of the thermal and dyn_v_c

operating parameters in dLmensional and non-dimensional form for the boiler

preheat and vapor quality sections. The vapor quality section analysis was

performed on a local boiling heat transfer basis by dividing the section into

20_ quality increments. The mean boiling heat transfer parameters in the

plug insert section and tl.e unplugged tube section were determined as well,

B-l.



FIRST INPUT SET

D J ino

Wi j in.

hi , in.

6 0 , in.

Pl ' in.

P2 ' in"

P3 ' in.

AL , in.
Pl

AL in.
P2 '

lbm-ft
gc ' 2

lbf-sec

- Boiler tube ID

- _c_hined plug insert thread width

- Iv_chined plug insert thread height

- Wire diameter

- Plug insert wire or thread pitch in preheat section

- Plug insert wire pitch in vapor quality section

- Unplugged tube wire pitch

- Preheat section plug insert length

- Vapor quality section plug insert length

- Gravitational constant

wN , Ibm/hr-

TNb i , °F -

TNbo ' °F -

ATN , °F _

w , ibm/hr -

%bi ' °F -

THbo ' °F -

PHbi ' psia -

P1 ' psia -

P2 ' psia -

PHbo ' psia -

APpH , psi -

_Px ' psi -

TN_ 2 , °F -

fg-PL'

N_i fl_._ rate

NaK inlet temperature

NaK exit temperature

NaK temperature drop

Mercury flow rate

Mercury inlet temperature

Mercury vapor ex_t temperature

Mercury inlet pressure

Mercury pressure at preheat section end point

Mercury pressure at plug insert end point

Mercury pressure at boiler exit

Preheat section pressure drop

Plug insert vapor section pressure drop

NaK temperature at plug insert end point

Frictional pressure drop coefficient for all vapor

fl_.r in the plug insert vapor quality section
B-2



HEATBALANCE

i. qN = .21wN ATN

2. Ts = f(PHbo)

3. ATpH = T2- _bi

&. ATsH = THb o- T2

5. qPH = .0325 w AT3

6. hfv = f (T2)

7. qB :: w h6

AT:= .025 w - 48. qSH

= + q7 + q8
9. qHg q5

iO. qHL 3A13

= 3A13 ql0
ii. WN_HL ---------

•21 _TN

12. wN_Net = WN - wll

PREHFIT SECTION

_D

13. tan _i - Pl

14. sin _l = f(tan _)13

15. cos _i = f(t_n _)13

16. Z1 = Pl sin _14 - wi

17. AC_PH ]44

Btu/hr

oF

oF

oF

Btu/hr

Btu/lbm

Btu/hr

Btu/hr

Btu/hr

kw

ibm/hr

in.

ft2

Fig. B-& Re: 1

Fig. B-13 i{c: i

i_-3



18.

19.

20.

1o

22.

_e

_e

25.

26.

7e

28.

2(_16- hi)

PW-PH = 12

Dep H =
PI8

AL'pH 12 cos 0_15

_ _w

GpH_I - AI7

GZI

GpH_2 =

ft

ft

ft

lbm/hr_ft 2

lbm/sec-ft 2

TS-l = f(P1)

PL-I = f(T23)

THbi +

TL_M - 2

_L-M = f(T26)

ReL-M - _27

oF

ibm/ft 3

ft/sec

oF

lbm/hr-ft

PL-M = f(T26)

144 x 2gc Del_

fL = AL'
2O

ibm/hr-ft

2
G22

Cp_LM = f(T26)

qPH = w CP31(T23- THbi)

Btu/lbm-°F

Btu_r

Fig. B-4 Re: i

Fig. B-I Re: i

Fig. B-6 Re: i

Fig. B-I Re: i

Fig. B-5 Re: i
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e

%2
33- ATN_PH = .21w12

34. TNOO = TI_o+AT33

35- kL_M = f(T26)

36. Pr k35

°F

oF

Btu_r-ft-°F

PLUG INSERT VAPOR QUALITY SECTION

nD

37. tan _2 P2

38. sin _2 = f(tan q)37

39. cos _2 = f(tan _)37

&O. _2 = P2 sin _38 - 6

&l. AC-x = IAA

2(z4o+ _)
&2. PW-x 12

I+3 Dex -• P42

AL P2 __

44. AL'x = 12 cos_39

W

_5. Gx__ - A_

A6. Gx_ 2 3600

47. _TN_x

_s. %-x

= TN_ 2 - T3&

= .21 w12 ATb,7

il'Io

ft2

ft

ft

ft

lbm/hr-ft 2

lbm/sec-ft 2

°F

Btu/hr

B-5



49. TS_2 = f(P2)

50. Tx_S__ 2

°F

oF

Fig. B-_ Re: 1

51.

52.

53.

hx_fv_M= f(Tso)

%8
xpL w hsl

P2
= 18.7

Pv-2 T49 + _60

x52 GA6

Uv-PL-2 = P53

Btu/lbm

ft/sec

Fig. B-13 Re: 1

UNPLUGGED TUBE VAPOR QUALITY SECTION

D2
55. AC-xx - _ x 144

56. tan _3 = rrD__D._
P3

ft2

57. G _ w

xx-i A55

%_= = 3600

59.
x__

Uv-T-2 P53

lbm/hr_ ft2

lbm/sec-ft 2

ft/sec

6o. hfv_2 = f(T49) Btu/lbm

61. %-xx = (l-xs_)w h60 Btu/hr

62.
q61

ATN-xx .21w12
oF

63. ATN_ B = AT_v+AT62 °F



64' TNI _ 1 T3F _ Tf3

oF

_ AT6_
65. ATNAx 5 °F

66. _ = q48 + q61

q66

_" %_- 5

Btu_r

Btu_r

oF

69. TN20 = T68+ AT65
oF

70. TN40 = T68 + 2&T65
oF

71. TN60 = T68 + 3AT65
oF

72. TN80 = T68 + 4AT65
oF

73. TNIOO = T68 + 5AT65
oF

_D

74. C = i-_-
ft

PREHEAT SECTION

75.

76.

c = LOO - •5 ft

ApH = c74 AL75
ft2

77.

78.

TSOO = f(Poo ) °F

qPHc = .0325 w (T77- THb i) Btu/hr

Fig. B-4 Re: 1
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Q •

79. q. = q?8

PH _6

Btu/hr-ft 2

80. ATpH i = TNb ° - THb i
oF

81. ATpH ° = TNO 0 - T77
oF

AT80 - AT81

82. ATpH_M -
_n A'±'80

AT81

83. hpH
AT82

De h83
84. NUpH -

k35

oF

Btu_r_ft2_°F

THbi + T?7 °F
85. TpH-M - 2

86. PPH-M = f(T85) lbm/ft3 Fig. B-I Re: 1

87. _PH-M = f(T85 ) lbm/hr-ft Fig. B-6 Re: 1

88. RepH

G1 De

_87

89. APpH c

90. fPH = f3o

= PHbi- P00

P86 AP8_ AL20

P29 APpH AL75 "

91. PepH = Re88 Pr36

= -- ©F
92. ATo0 TNO 0 T77

COS Ot

B-8



MEAN QUALITY INCP_NT

_ x + _+i
93. x =

2

94. Ax -- Xn+i-x n

95. AL = L - L
xn+ 1 xn

96 AP = -

97. PM = 2

98.

_+_+i

TN_n___i
TN-M= 2

99. A_x = C74 AL95

q67
|'

i00. q _ A99

i01. TS_ M = f(P97 )

102. ATM = T98 - Tlo I

103. h =
q"lOO

ATIo 2

IOA. PL = f(Tiol)

105. pv = f(Tio I)

106. _L = f(Tlol)

107. _v = f(TIol)

ft

psi

psia

oF

ft 2

Btu/hr-ft 2

oF

oF

Btu/hr_ ft2-°F

lbm/ft 3

lbm/ft 3

ibm/hr-ft

lbm/hr-_

Fig. B-A Re: i

Fig. B-1 Re: 1

Fig. B-8 Re: 1

Fig. B-6 Re: 1

Fig. B-_ Re: i
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108. kL = f (TIoi) Btu_r-ft-°F Fig. B-7 Re: i

109. kv = f(Tlol) Btu_r-ft- °F Fig. B-12 Re: 1

1.10. AL' = __/2_
COS G

ft

111. = 144

G1 De
ll2. Re =

_107

]-13.
,w
#" f

g

.8
1/4. k = Rell 2

1.8

_i06 PI05 i-x93

i15. Nu
De hlo 3

kl09

116. hfv = f(Tlol) Btu/lbm Fig. B-17 Re: 1

117. K
= hl16 _I07

k109 ATIo 2

118. AT
cr-I

l l_

hli6 _i(_ C_x2 (7488)_ (ki0_I08)3 Rell 2 E_x (i-_ 93 )2 x93

nlO4

Note:
If AT118 > ATIo 2

If AT118 _ ATIo 2

use Eq. 119

use Eq. 120

B-IO



119. Nu6 =
32 NUll 5 _ , ,_2(12soo)2

(k1oJk].09) _ (plOS/P]_O_+)x-93

I 1/2

120. ATcr_2 = C_x3Kll 7 AT102 -

31_ 3 1/2
(936) (k109/_].08) _U.2 _ (1,'_93)

1/4 1/2
6 (!_)3/2(nlo/Plo 4) 8_

x93

Note: If AT120 > ATIo 2 use Eq. 121.

121. C
X

122.
X

If ATI20 < ATIo 2 use Eq. 122.

= I NUn5 _/3 9ck1_o_ _#c 2 o_%3)
234 ,k108, "l_-_e" Rell2 Kl172

A NUll 5
= 2/3

213 (i-_ 93 )
i13(126De ) E_ _ KII 7)

6 _ (Rell2 PlO& _93

PLUG INERT VAPOR QUALITY SECTION

123. ALpL_x = LpL - LOO
ft.

124. A =x CT& ALl23

125.

126.

q =
AI2 A

TS__L : f(PM )

PM

PV-MPL = 18.7 + A6o
T126

ft2

Btu/hr-ft 2

oF

Ibm/ft 3

Fig. B-& Re: 1

128.

129.

_v-MPL = f(T126)

AL
PL-x cos _39

ibm/hr-ft

ft

Fig. B-11 Re: 1

B-II



130.

131.
2g c DeA3 APpL-.x PI2___

(_ fg)PL = 14k A_29 (x130 Gk6)2

132.

G De
=_

RepL-x _128

133. PL-_-x = f(T126)
Fig. B-I Re: i

13&.

135.

_L-NPL-x = f(T126) lbm/hr-ft

.8

k_p L = Rel32

- 1.8

136.

137.

ATMpL_ x = TNM x - TI26

11

ql2_i_
hl_L-x -

AT136

oF

Btu_r-ft2-°F

UNPLUGGED TUBE VAPOR QUALITY SECTIO_

138. =  co-
ft

139. AUPL_ x = C7& ALl38

. q61

l&O, q UPL-x _A-139

TS_,_jpL = f(PM-vPL)

PM-UPL
= 18.7 -

IA2. PV-MUPL TIA_I+ &60

1_3. QL-MUPL = f(TIAI)

ft2

Btu/hr-ft 2

oF

lbm/ft3 Fig. B-I Re: i
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_v-MUPL = f(TIAI) ibm/hr-ft Fig. B-11 Re: i

IAS. bL-MUPL = f(TIAI) lbm/hr-ft Fig. B-6 Re: i

146.

147.

2 g._D APUpLPUZ
(@ fg)UPL = I/j+ 12 ALupL (Y_uPLG'58)-

Re = G57 _D

12 _l_

12+8. k = Rei7

-1.8

XuPu<

149. ATM_uP L = TNMx - TIA1

f!

15o. hMUPL AT149

oF

Btu/hr-ft 2- °F

B'I3
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Aerojet-General Corporation.



NO},t_,_CLATURE

A m

C -

Cp -

D -
e

E -

f -

f( ) -

G -

h -

hfv -

K -

k

_I -

_2 -

AL -

AL' -

Nu -

Nu 6 -

P -

AP -

Pw -
Pe. -

Pr -

Area

Circumference, also a constant

Specific heat at constant pressure

Equivalent tube diameter

Geometric constant

Friction factor

Function of ( )

Specific mass fl_

Heat transfer coefficient

Latent heat

_v hfv /kv _Tm

Thermal conductivity

Helical fl_.r passage width in preheat section

Helical fl_r passage width in plug insert vapor section

Axial tube length

Flow passage helical length

Nusselt number

Droplet Nusselt number

Pressure

Pressure drop

Wetted perimeter

Peclet numb er

Prs_ndtl number



NOI_!,ICLATUI_ (Cont.)

q - Heat transfer rate

q" - Heat flux

Re - Reynolds nmmber

u - Velocity

w - Mass flow rate

x - Vapor quality

Ax - Vapor quality increment

- Mean vapor quality

AxZ- -
x .20



GREEK_ SYMBOLS

- Svzirlwire angle

B
Nu (actual)

Nu 8 (film-sphere)

- Martinelli correlating parameter

6 - Droplet diameter, Swirl wire diameter

p - Density

- Viscosity

- Two-phase fl_r ration APTp/AP v



SUBSCRIPTS

B

C

tIs

HL

L

M

N

PH

PL

S

SH

T

UPL

Boiling

Flow cross-section

i[crcu_v

Heat loss

Liquid

]_[ea.n

NaX

Preheat secticn

Plugged section

Saturation

Superheat section

Saturation-Hean

Tube

Unplugged section

C

or

f

g

i

0

.V

X

XX

Corrected

Critical

Liquid at saturation temperature

Gas, vapor

Inlet

Outlet, exit

Vapor

Plug insert vapor quality section

Vapor quality section in unplugged tube



SUBSCRIPTS(cont.)

Unless othem_ise _udicated, numerical subscripts refer to
numbered equations.

Exceptions:

-i - Refers to the point at which PI is measured

-2 - Refers to the point at _ich P2 is measured

O0 - Liquid-vapor interface location

20 - 20_ quality location

&O - &O_quality location

60 - 60_ quality location

80 - 80_ quality location

100 - i00_ quality location
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